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kThe swelling of cervical lymph nodes palpated by
physicians during human respiratory infections is an
indicator of the lymphoid hyperplasia occurring as a
consequence of T cells responding to viral antigens. A
debate has ensued over what proportion of these T
cells are specific for the virus vs “bystander” T cells
dragged along in the process by virus-induced cyto-
kines. The term bystander can be used in different
contexts, but here we refer to T cells whose T cell
receptors (TCR) are not triggered by their cognate
ligands. Complicating the issue of bystander activa-
tion is the degeneracy of T cell recognition, whereby T
cells often react with more than one antigen. The
results of one mathematical calculation suggested
that a single TCR might have the capacity to recognize
one million different peptide–MHC combinations (Ma-
son, 1998). Two distinct peptides may cross-react by
having common amino acids or amino acid side
chains accessible for recognition by the same deter-
minants on the TCR (molecular mimicry), but structural
studies have also shown that very different determi-
nants on the TCR can bind to different peptide–MHC
structures (alternative recognition), making cross-re-
activity often impossible to predict (Daniel et al., 1998;
peir et al., 1998). Because a T cell may recognize two
istinct antigens with different affinities, the cross-
eactivity can sometimes be unnoticeable or difficult to
etect (Nahill and Welsh, 1993; Selin et al., 1994).
ome T cells may also express two TCR, with the
ame TCR b chain paired with two different a chains.
his could further broaden the range of T cells and add
o their degenerative nature (Alam and Gascoigne,
998). The fates of cross-reactive and bystander T
ells are addressed in this short review.T
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4EVIDENCE ON BEHALF OF BYSTANDER
ACTIVATION
Prior to the development of new techniques to quantify
ntigen-specific T cells, some evidence had suggested
hat bystander T cells accounted for the bulk of the T cell
esponse to infection. Limiting dilution assays for CTL
recursors could at best implicate only about 10% of
irus-induced CD8 T cells as being virus specific (Mos-
ophidis et al., 1987), and detailed analyses on the spec-
ificity of these responses suggested that T cells with
other specificities were induced. Many viral infections
elicited CTL that lysed not only virus-infected syngeneic
targets but also uninfected allogeneic targets (Yang and
Welsh, 1986; Nahill and Welsh, 1993). This engendered
speculation that virus infections led to a bystander acti-
vation of allospecific T cells, whose precursors are
present in the host at very high frequencies. Similarly,
virus-specific memory CTL were shown to be activated
by infections with heterologous viruses (Yang et al., 1989;
Selin et al., 1994). For example, LCMV-specific CTL ac-
tivity was activated in mice by infection with Pichinde
virus (PV), vaccinia virus (VV), or murine cytomegalovirus.
In addition, studies with LCMV-specific TCR transgenic
mice showed that VV could induce the cytotoxic activity
of the LCMV-specific transgenic T cells (Ehl et al., 1997).
Viruses and the immune responses to them can elicit
potent cytokine responses that should have the ability to
nonspecifically stimulate T cells (Biron, 1995). IL-2 can
stimulate the outgrowth of CD8 T cells in culture and may
nonspecifically stimulate CD8 T cells in vivo, even
though the greatest expansions are seen with NK cells
(Biron et al., 1990; Ke et al., 1998). Type I IFN and IFN
inducers cause an increase in vivo in the proportion of
CD441 “memory” CD8 T cells incorporating the DNA
precursor bromodeoxyuridine (Tough et al., 1996). IFN
induces macrophages to make IL-15, which can bind to
the common bg chain of the IL-2R that is commonly
expressed in memory CD8 T cells (Zhang et al., 1998).
hese results suggest that T cells, particularly of the
n5MINIREVIEWmemory variety, can be nonspecifically activated by cy-
tokines induced during viral infections.
EVIDENCE AGAINST BYSTANDER ACTIVATION
A closer look at antigen-specific vs bystander re-
sponses casts doubt on bystander activation as being a
significant contributor to the virus-induced T cell hyper-
plasia in spleens and lymph nodes. Analyses of virus-
induced allospecific CTL generation showed that many
clones of virus-specific CTL cross-reacted with and
lysed uninfected allogeneic targets (Nahill and Welsh,
1993). This demonstration of the existence of cross-
reactive T cells, however, does not in itself rule out that
a nonspecific activation of allospecific CTL could still be
occurring. The degree of such a potential nonspecific
activation was examined in transgenic mice harboring a
limited, though still diverse, T cell repertoire. T cells from
those mice were capable of generating comparable CTL
responses to either H2d or H2k alloantigens, but the
LCMV infection induced only H2k-reactive CTL in those
mice (Zarozinski and Welsh, 1997). This argues on behalf
of cross-reactivity and against a substantial bystander
activation.
Similarly, the ability of viruses to reactivate memory T
cells specific for previously encountered viruses was
associated with unanticipated cross-reactive CTL re-
sponses between putatively unrelated heterologous vi-
ruses (Selin et al., 1994). Bulk CTL responses induced by
LCMV and PV are very specific for each virus, but the
number of precursor CTL specific to PV is slightly higher
in LCMV-immune mice (5/106 spleen leukocytes) than in
aive mice (,1/106), indicative of a low frequency of
memory cells with cross-reactivity between the two vi-
ruses. Memory T cells are much easier to stimulate than
naive T cells, and they rapidly respond in the early
stages of a PV infection of LCMV-immune mice. These
cross-reactive cells are at their highest proportions of the
PV-specific CTL response at the time of infection when
the virus is actually being cleared (Selin et al., 1994).
Eventually there is a selection for T cells with more
discrete specificity to the second virus. Our recent anal-
yses of the nature of cross-reactivity between LCMV and
PV have identified three PV peptides that can cross-react
with LCMV peptides, and two are at different sites and
have little sequence homology with the LCMV-encoded
peptides with which they cross-react.
The fact that CTL responses cross-reactive between
viruses can be found does not preclude the possibility
that there still may be substantial bystander activation of
virus-specific memory CTL, and the question is how
much is the relative importance of cross-reactive vs
bystander stimulation under these conditions. Bulk CTL
assays of T cells isolated from LCMV-immune mice have
shown that VV preferentially activates LCMV–GP33-spe-
cific CTL, whereas PV preferentially activates LCMV–NP396-specific CTL; these distinct specificities argue
that much of the CTL activation is antigen driven (Selin et
al., 1999). A recent elegant demonstration of the speci-
ficity of memory cell activation was made in mice which
were immunized against influenza virus and challenged
with an influenza strain bearing point mutations in an
immunodominant epitope (Haanen et al., 1999). Using
MHC tetramers to monitor the T cell responses specific
to the original epitope vs the modified form, the authors
showed that T cells that recognized both the original and
the modified forms were expanded, whereas T cells that
recognized the original epitope but not the modified
epitope remained small in size and did not increase in
number.
Other experiments significantly cast doubt on the abil-
ity of viral infections to stimulate the expansion of T cells
to which they are not specific. LCMV-induced T cell
responses did not stimulate the expansion in the number
of either naive or memory transgenic T cells that did not
cross-react with LCMV (Butz and Bevan, 1998; Zarozinski
and Welsh, 1997). Adoptive transfer of LCMV-immune T
cells into LCMV persistently infected mice lacking
LCMV-specific T cells as a consequence of immunolog-
ical tolerance did not stimulate the expansion of host T
cells, even though the donor cells proliferated exten-
sively (Zarozinski and Welsh, 1997). Finally, and very
convincingly, enumeration of LCMV-specific T cells by
MHC tetramers, MHC-IgG dimers, or peptide-induced
intracellular cytokine assays all showed that a substan-
tial proportion of the activated CD8 T cells elicited during
an LCMV infection can be accounted for as LCMV-spe-
cific (Murali-Krishna et al., 1998; Butz and Bevan, 1998;
Selin et al., 1999).
FATE OF BYSTANDER T CELLS DURING
INFECTION
Experiments designed to clearly distinguish bystander
T cells from virus-specific T cells show that the by-
stander cells actually decrease in number during a virus-
specific T cell response (J. M. McNally, C. C. Zarozinski,
M. Y. Lin, and R. M. Welsh, manuscript submitted)
(Zarozinski and Welsh, 1997; Welsh and McNally, 1999).
This decrease is most pronounced in CD8 T cells of the
memory (CD44) phenotype. This decrease was seen in
transgenic T cell populations that do not cross-react with
virus and in host T cell populations of LCMV-carrier mice
reconstituted with LCMV-immune T cells, which rapidly
proliferate in the viral antigen-containing environment. In
each of these systems many of the bystander T cells of
the memory CD8 phenotype displayed characteristics of
apoptotic cells, including staining with Annexin V. Thus,
rather than a productive proliferation of bystander T cells,
there is apoptosis and attrition of that population.
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6 MINIREVIEWIS THERE A UNIFYING HYPOTHESIS?
The observations of attrition of bystander cells would
eem at odds with studies showing that IFN and IFN
nducers cause a dramatic increase in the proportion of
ells of the memory CD8 phenotype (CD441) to incorpo-
ate the DNA precursor BrdU (Tough et al., 1996; Zhang
t al., 1998). We have inoculated mice with IFN or with
oly(I:C) to induce IFN and have found that these treat-
ents cause significant attrition of memory CD8 T cells
McNally et al., manuscript submitted) (Welsh and Mc-
ally, 1999). Poly(I:C) caused an induction of apoptosis
nd cell loss in normal mice but not in mice lacking type
IFN receptors. An explanation for these seemingly con-
radictory observations may be that IFN, perhaps by
nducing IL-15, stimulates memory T cells into cycle, but,
n the absence of appropriate TCR signaling, substantial
evels of apoptosis may be induced in these cells, lead-
ng to a net loss in cell number. Another possibility may
e that IFN kills memory T cells, freeing up room in the
ymphoid organs, and secondary homeostatic mecha-
isms induce the remaining memory T cells to repopu-
ate the organs once the apoptotic signals have waned.
Current models of T cell stimulation argue that optimal
roliferation requires a highly coordinated process in
hich the TCR is signaled by antigen (signal one) and
ostimulatory molecules then cause the release of cyto-
ine growth factors (signal two) (Schwartz, 1990; Mon-
ino and Jenkins, 1994). Stimulation of the TCR without
oordinated costimulation can lead to anergy or apopto-
is. T cells appear to exist in vivo in an equilibrium
etween apoptosis and proliferation (Fig. 1). It is note-
orthy that significant levels of apoptosis can even be
een in antigen-specific T cells that are expanding dur-
ng viral infections (Christensen et al., 1996), but here, at
east for a while, the equilibrium is shifted toward prolif-
ration in the presence of antigen, where proper stimu-
ation may occur. In the case of bystander cells, where
here may be a cytokine-dependent signal two without a
ignal one, the equilibrium would shift toward apoptosis.
his shift would allow for the expansion of the antigen-
pecific population at the expense of the bystander pop-
lation.
SPECULATIONS ON THE CONSEQUENCES OF
BYSTANDER T CELL ATTRITION
acilitating the Expansion of Antigen-Specific T Cells?
The spleen and lymph nodes are not open bags of
ymphocytes but are instead complex structures where
tromal cells and antigen-presenting cells provide sites
or T cells to attach and receive signals. We propose that
he loss of bystander cells may actually clear out room
hat enables antigen-specific T cells to proliferate before
ther signals effect the enlargement of the whole organ.
his hypothesis needs to be tested.
l
immune Deficiency?
Many virus infections induce the host into a transient
eriod of immune deficiency that is characterized by the
ensitivity of their T cells to activation-induced cell death
apoptosis) on strong TCR stimulation and by the failure
f their memory T cells to respond to their cognate
ntigens in skin tests for delayed-type hypersensitivity
nd in proliferative assays in vitro (Razvi and Welsh,
993). This transient immune deficiency may reflect the
oss in the number of bystander memory cells as well as
heir vulnerability to apoptotic stimuli caused as a con-
equence of uncoordinated signaling. In fact, in the wake
f a strong virus-induced T cell response, bystander T
ells do undergo activation-induced cell death on TCR
igation (Zarozinski et al., 2000).
oss in T Cell Memory?
CD8 T cell memory is extraordinarily stable in the
bsence of subsequent infections, but subsequent infec-
ions with heterologous viruses result in a substantial
FIG. 1. Apoptosis/proliferation equilibrium. Examinations of virus-
specific and bystander naive and memory T cells indicate that apopto-
sis, as detected by Annexin V staining, and proliferation, as enumer-
ated by DNA precursor uptake and changes in cell number, occur
concomitantly. There is a very low level of proliferation of naive T cells
and somewhat higher levels of memory T cells, and background levels
of apoptosis are higher in memory than in naive cells. After poly(I:C)
administration, there is enhanced turnover of memory cells which is
offset by greater levels of apoptosis, leading to a reduction of memory.
In the course of a viral infection, virus-specific and bystander memory
cells are induced into division and both have enhanced apoptosis, but
there is a greater proliferation to apoptosis ratio for the virus-specific
cells, whereas there is a greater apoptosis to proliferation ratio for the
bystander cells.oss in CD8 T cell memory to all previously encountered
nfectious agents (Selin et al., 1996, 1999). This may be a
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7MINIREVIEWreadout of the impact of the loss in bystander memory T
cells induced by IFN at early stages of viral infection.
Alternatively, this loss could be a consequence, as the
immune system downsizes at the end of infection, of
competition for protective niches in the lymphoid organs
between the preexisting memory T cell pool and the
highly expanded populations of T cells specific for the
ongoing infectious agent. One point is clear: virus-spe-
cific memory is stable in the absence of antigen, but
intervening viral infections will drive a reduction in “by-
stander memory.”
SPECULATIONS ON THE CONSEQUENCES OF
CROSS-REACTIVE STIMULATION
Alteration of Memory?
It might be expected that the loss in CD8 T cell mem-
ory to previous pathogens occurring as a consequence
of subsequent infections might be influenced by cross-
reactive T cell responses between viruses. In fact, het-
erologous viral infections not only cause a reduction in
memory to previous viruses, but also alter the specificity
of the residual memory pool (Selin et al., 1999). This is
presumably due to the influence of cross-reactive T cell
responses superimposed on the nonspecific attrition of
bystander memory T cells.
Allograft Rejection?
There is a long history of viral infections being asso-
ciated with the rejection of allografts. Whether this is
associated with a bystander stimulation of T cells whose
receptors can be triggered by the allograft or is due to T
cells cross-reactive between viral and alloantigens is
under investigation (Welsh et al., 2000).
Heterologous Immunity?
Memory T cells specific to putatively unrelated patho-
gens rapidly and dramatically infiltrate areas of virus
infection (Selin et al., 1998; Flynn et al., 1999). For exam-
le, 3 days after intraperitoneal VV inoculation of an
CMV-immune mouse, the CD8 T cell infiltrate in the
eritoneal cavity is five times greater than that in a
V-infected naive mouse, and over 50% of those cells can
e identified as LCMV-specific (our unpublished data).
emory T cells express chemokine receptors that may
nable them to nonspecifically migrate into areas of
nflammation (Jung and Littman, 1999), but how much of
his infiltrate is due to a nonspecific attraction of memory
ells by chemokines and how much of it is due to
xpansion of T cells cross-reactive between the two
iruses is unclear at this time. The term “heterologous T
ell-mediated immunity” refers to the ability of memory T
ells generated as a consequence of one virus infectiono provide a level of protective immunity against a puta-
ively unrelated heterologous virus (Selin et al., 1998).his is likely a consequence of memory T cells specific
o the first virus cross-reacting with the second virus, but
role for nonspecifically activated memory T cells has
ot been ruled out. Just because their equilibrium is
hifted toward apoptosis does not mean that bystander
emory cells cannot secrete antiviral cytokines before
ying, and this point needs to be clarified. Optimal pro-
uction of cytokines by T cells, however, requires a
ontinuous signaling of their TCR (Slifka et al., 1999).
CONCLUSION
The results to date indicate that most of the T cells
responding to a viral infection are specific for the virus,
albeit often with cross-reactivity for other antigens. By-
stander memory T cells that are not cross-reactive with
an infecting virus are initially partially activated and in-
duced to proliferate, as shown by DNA precursor uptake,
but are simultaneously overwhelmed by apoptotic events
that lead to substantial losses in these bystander popu-
lations. This loss in bystander cells in lymphoid organs
clears out space that may facilitate the development of
new antigen-specific T cell responses.
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